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Abstract
We experimentally study the velocity scaling of granular convection which is a possible mechanism of the
regolith migration on the surface of small asteroids. In order to evaluate the contribution of granular
convection to the regolith migration, the velocity of granular convection under the microgravity condition
has to be revealed. Although it is hard to control the gravitational acceleration in laboratory experiments,
scaling relations involving the gravitational effect can be evaluated by systematic experiments. Therefore, we
perform such a systematic experiment of the vibration-induced granular convection. From the experimental
data, a scaling form for the granular convective velocity is obtained. The obtained scaling form implies that
the granular convective velocity can be decomposed into two characteristic velocity components: vibrational
and gravitational velocities. In addition, the system size dependence is also scaled. According to the scaling
form, the granular convective velocity v depends on the gravitational acceleration g as v ∝ g0.97 when the
normalized vibrational acceleration is fixed.
Keywords: regolith migration, granular convection, scaling analysis, gravitational acceleration.
1. Introduction
In the solar system, there are many small bodies
such as asteroids and comets. Since these small as-
tronomical objects could keep the ancient informa-
tion of the history of the solar system, a lot of ef-
forts have been devoted to investigations of these
objects so far (e.g., Bottke et al. (2002)). For in-
stance, the asteroid Itokawa was explored by the
Japanese space craft Hayabusa from September 2005.
The exploration uncovered the details of Itokawa’s
surface terrain. Itokawa is covered by various sizes
of granular matter such as regolith, pebbles, and
boulders (Fujiwara et al., 2006). Moreover, migra-
tions and sorting of the regolith could occur on
the surface of Itokawa (Miyamoto et al., 2007), al-
though the surface gravity of Itokawa is extremely
low. Impact craters located on the surface of Itokawa
were very subtle, i.e., they show indistinct morpholo-
gies (Saito et al., 2006; Hirata et al., 2009). This is
probably due to the erasure of the craters by seis-
mic shaking (Michel et al., 2009). In addition, tiny
samples returned from Itokawa allow us to analyze
the detail of its history. Nagao et al. (2011) revealed
that Itokawa’s surface grains are relatively young in
terms of cosmic-rays exposure. The estimated age
is approximately eight million years. Besides, us-
ing x-ray microtomography, Tsuchiyama et al. (2011)
found that some particles had rounded edges. All
these facts suggest that the surface of Itokawa would
be active and continue to be renewed until recently.
One possible explanation of such young surface is the
regolith convection caused by impact-induced seismic
shaking.
Although the direct measurement of the seismic
wave has not been achieved, Richardson et al. (2004)
and Richardson Jr et al. (2005) studied the possi-
bility of global seismic shaking of asteroid Eros in
order to explain its surface modification processes.
They built a model of seismic shaking by consid-
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ering the attenuating diffusion of the seismic wave.
Miyamoto et al. (2007) partially applied the model
to the asteroid Itokawa and showed that the global
regolith convection might occur even by small-scale
impacts. To unlock the regolith grains network sup-
ported by gravity, the maximum acceleration induced
by the seismic shaking has to be greater than the
gravitational acceleration. Miyamoto et al. (2007)
revealed that this criterion can be satisfied by a
small-scale impact since the gravity on the surface of
Itokawa gI is very small, gI ≃ 10−4 m/s2 (Abe et al.,
2006; Fujiwara et al., 2006). The value of gI is about
five orders of magnitude smaller than the Earth’s
gravitational acceleration, gE = 9.8 m/s
2. The eval-
uation is still qualitative since they only assessed the
onset criterion of the regolith convection. While the
quantitative assessment of the convective velocity is
necessary to discuss the feasibility of the regolith con-
vection, there have been very few such studies.
Granular convection can be generally observed in
a granular matter under the mechanical vibration.
When a granular matter is subjected to a steady
vertical vibration, granular convection is readily in-
duced. If the vibrated granular matter is polydis-
perse, the size segregation of grains occurs usually in
vertical direction. This vibration-induced size segre-
gation is called Brazil nut effect (BNE). The BNE can
be caused by the granular convection (Knight et al.,
1993). This means that the grains can be migrated
and sorted simultaneously by vibration. Although
the regolith convection accompanied by migration
and sorting seems to be a natural outcome of global
seismic shaking, the scaling approach to the granular
convective velocity is needed to discuss the consis-
tency between regolith convection and observational
data such as surface age of the asteroid. Therefore,
we experimentally measure and scale the velocity of
granular convection in this study, as a first-step ap-
proach to this problem.
Fundamental nature of granular convection itself
is an intriguing problem. The granular convection
has long been studied both by experiments (Faraday,
1831; Ehrichs et al., 1995; Knight et al., 1996;
Pastor et al., 2007; Garcimart´ın et al., 2002) and nu-
merical simulations (Taguchi, 1992; Luding et al.,
1994; Tancredi et al., 2012). The onset of granu-
lar convection depends on the maximum accelera-
tion of the applied vibration. If the maximum ac-
celeration is less than the gravitational acceleration,
any granular convection does not occur at all (e.g.,
Garcimart´ın et al. (2002)). Thus the dimensionless
parameter Γ, which represents the balance between
the maximum vibrational acceleration and the gravi-
tational acceleration g, has been used to characterize
the behavior of granular convection. Γ is defined as,
Γ =
A0 (2pif)
2
g
, (1)
where A0 is the vibration amplitude and f is the
frequency.
In this study, the scaling method is applied to the
analysis of granular convective velocity. We are in-
terested in asteroidal-scale granular convection while
the actual experiment is limited within the labora-
tory scale. In such a situation, the scaling is the only
way to derive a meaningful quantitative relation. In
the scaling analysis, dimensionless parameters such
as Γ are useful since they do not depend on the sys-
tem of unit. The weak point of the scaling analysis
is its arbitrariness. Of course, Γ is one of the most
important dimensionless parameters to discuss the vi-
brated granular matter. However, the choice of the
important dimensionless parameter is not unique.
Specifically, another dimensionless parameter
called shaking parameter S was firstly introduced
by Pak and Behringer (1993) and recently used to
describe the transitions among the granular Leiden-
frost, bouncing bed, undulations, convection, and so
on (Eshuis et al., 2005, 2007). Particularly, S is rele-
vant to characterize a strongly shaken shallow gran-
ular convection (Eshuis et al., 2010). S is defined as,
S = Γ · A0
d
=
(2piA0f)
2
gd
, (2)
where d is the constitutive grains diameter. S
denotes the balance between the squared vibra-
tional velocity and the squared gravitational ve-
locity. Furthermore, S can be also obtained by
the natural non-dimensionalization of the granular-
hydrodynamic model for the strongly shaken granu-
lar convection (Eshuis et al., 2010). Using the afore-
mentioned dimensionless parameters, we would like
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to find a useful scaling relation between granular con-
vective velocity, the gravitational acceleration, and
other parameters. Therefore, we carry out a system-
atic laboratory experiments of the vibration-induced
granular convection.
This paper is constructed by following sections. In
section 2, we explain the experimental setup and how
to measure the convective velocity. Section 3 shows
the characterization of some convective-roll patterns
and the result of the scaling. In section 4, we dis-
cuss physical meaning and tentative implication of
the scaling to the microgravity environment. Sec-
tion 5 contains a conclusions.
2. Materials and Methods
A schematic illustration of the experimental appa-
ratus is shown in Fig. 1. The experimental setup
consists of a cylinder made by plexiglass of its height
150 mm and inner radius R (R = 16.5, 37.5, or 75
mm). Glass beads are poured in the cylindrical cell
to make a granular bed of the height H = 20, 50,
80, or 110 mm. The system is mounted on an elec-
tromechanical vibrator (EMIC 513-B/A) and shaken
vertically. The vibration frequency f is varied from
10 to 300 Hz and Γ is varied from 2 to 6. The grains
used in this study are glass beads. Most of exper-
iments are carried out with glass beads of diameter
d = 0.8 mm (AS-ONE corp. BZ08) and some of them
are performed with glass beads of d = 0.4 or 2 mm
(AS-ONE corp. BZ04, BZ2). Size dispersion of glass
beads is less than 25%, and the true density of glass
beads is 2.5× 103 kg/m3.
To measure the granular convective velocity, par-
ticle imaging velocimetry (PIV) method is uti-
lized (Lueptow et al., 2000; Bokkers et al., 2004;
Zeilstra et al., 2008). Motions of glass beads are
filmed by a high-speed camera (Photoron SA-5)
through a transparent side wall. To erase the memory
effect of granular matter, one minute pre-vibration is
applied before each experimental realization. This
means that we measure the steady granular convec-
tion. While the actual impact-induced regolith con-
vection might be transient, we have to concentrate
on the steady convection to eliminate the memory
Figure 1: A schematic diagram of the experimental setup.
Glass beads are poured into a cylindrical cell and the cell is
shaken by a vibrator. Glass beads motion on the side wall is
captured by a high-speed camera and the convective velocity
is measured by PIV method.
effect. The frame rate is fixed at 1, 000 fps and spa-
tial resolution of the image ranges from 54 µm/pixel
to 130 µm/pixel depending on the experimental con-
ditions. The high-speed images are acquired for 5.5 s.
Since each image consists of 1, 024×1, 024 pixels, the
size of field of view ranges from 55× 55 to 133× 133
mm2. Raw data images are shown in backgrounds
of Figs. 2 and 3. Since it is hard to completely fol-
low all the grains’ motion, we use PIV method in-
stead of the direct particle tracking. In the analy-
ses of Figs. 2 and 3 (a), each instantaneous image
is divided into 16 × 16 boxes, i.e., each box consists
of 64 × 64 pixels. Note that the number of image
partitioning depends on the experimental condition.
Then the velocity at each box is computed by de-
tecting a peak of the cross-correlation between two
different time snapshots. Obtained (time-averaged)
examples of the velocity field are shown by colored
vectors in Figs. 2 and 3. An interval time to com-
pute the velocity (cross-correlation) is kept constant
so that it corresponds to a multiple of the period of
vibration, i.e., two cross-correlated images are kept
in same phase. For instance, 0.01 s time interval is
used for 100 Hz vibration. If we use a full tempo-
ral resolution to calculate the velocity field, vibra-
tional motion of individual grains can be captured
just like Pastor et al. (2007) measurement. However,
we are mainly interested in the global convective mo-
tion rather than such microscopic vibration. There-
fore, we use phase-matching images to compute the
3
Figure 2: Convective velocity structure in the toroidal-roll (axisymmetric convection) state. Experimental conditions are Γ = 4,
f = 200 Hz, d = 0.8 mm, H = 50 mm, and R = 37.5 mm. (a) Each arrow length indicates the magnitude of temporarily
averaged (5.5 s) convective velocity at each box (64 × 64 pixels), which is emphasized by coloring. Colored dots indicate the
small convective velocity cases (less than 2 mm/s). The center of container corresponds to x = 0. The convective velocity is
decomposed into z-component vz , and x-component vx. Velocity profiles computed by horizontal average are shown in (b) vz
and (c) vx. Error bars in (b) and (c) are spatio-temporal standard deviations of vz and vx, respectively. vz(z) shows a simple
z-dependence (basically a decreasing function). vx(z) slightly fluctuates around vx(z) = 0 almost independently of z.
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Figure 3: Convective velocity field on the side wall at (a) Γ = 2 and f = 50 Hz, and at (b) Γ = 2 and f = 100 Hz. Both data are
taken with the granular bed of d = 0.8 mm, H = 50 mm, and R = 37.5 mm. The format is same as that of Fig. 2(a). In panel
(a), a globally inhomogeneous velocity field can be confirmed. In contrast, rather homogeneous downward flow is observed in
panel (b). The former corresponds to single-roll state and the latter corresponds to toroidal-roll state (see text and Fig. 4 for
the details).
5
velocity.
As shown in Fig. 2, convective-velocity vectors are
decomposed into z (vertical) and x (horizontal) di-
rections. They are averaged along the horizontal axis
since we are mainly focusing on the axisymmetric
convective flow (like Fig. 2) for the reason mentioned
later. Then we obtain vertical and horizontal com-
ponents of velocities as functions of z, respectively
as, vz(z) and vx(z). In Fig. 2, panels (b) and (c) re-
spectively show vz(z) and vx(z) computed from the
velocity field shown in panel (a). The positive direc-
tion of z axis is taken to downward, and z = 0 corre-
sponds to the top surface of the granular bed. x = 0
is the center of container. Above the surface of gran-
ular bed (z 6 0), saltations of grains are dominant
and the measured velocity becomes random. This
is the reason of large errors in vz and vx at z 6 0
(Fig. 2(b,c)).
3. Results and analyses
3.1. Global structure of granular convection
First, we are going to focus on the global struc-
ture of the granular convective motion. We find
that the global structure shows a transition from a
single roll to a toroidal roll as f increases. In the
former state, grains rise up on the one side wall
and fall down on the opposite side wall. Thus, in
this state, the resultant velocity field shows a cer-
tain circularity. Due to this circularity, a gradient of
the velocity field is observed as shown in Fig. 3(a).
In this single-roll state, the degree of velocity gra-
dient or circularity strongly depends on the view-
ing spot. In the latter state, on the other hand,
grains rise up at the center of container and fall
down on all over the wall homogeneously. The inner
structure of this granular convective mode has been
observed by using the magnetic resonance imaging
(MRI) method (Ehrichs et al., 1995; Knight et al.,
1996). In other words, this toroidal convection state
is axisymmetric. Typical examples of raw images for
such homogeneous convection are shown in Figs. 2(a)
and 3(b). A phase diagram of the global structure in
f -Γ space is displayed in Fig. 4. As seen in Fig. 4,
the transition occurs at f ≃ 50 Hz. The transition is
Figure 4: A phase diagram of the convective structures in f -Γ
space with R = 37.5 mm, H = 50 mm and d = 0.8 mm. The
symbols represent the observed structures of granular convec-
tion; open circles correspond to the single-roll state and cross
markers indicate the toroidal-roll state. A phase boundary can
be found around f = 50 Hz independently of Γ.
almost independent of Γ at least under the current
experimental condition. Note that the phase dia-
gram is constructed only based on the experiment
with d = 0.8 mm glass beads. Besides, although
we define two types of convective roll structures, this
classification is not conclusive. Detail measurements
of inner structures of convective rolls are necessary to
completely categorize the convective structures. The
current classification is still tentative since it is based
only on the observation by eye.
3.2. Analysis of convective velocity
Next, we analyze the convective velocity. Since the
main motivation of this study is to characterize the
scaling behavior of the representative convective ve-
locity in a vibrated granular matter, we are going to
focus on the toroidal-roll (axisymmetric) state. In
the single-roll state, convective velocity is spatially
heterogeneous in horizontal direction as shown in
Fig. 3(a). As mentioned above, the observable veloc-
ity field depends on the camera angle since the rolling
direction is stochastically determined and cannot be
controlled in the single-roll state. Such a state is in-
appropriate to extract a representative velocity of the
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Figure 5: Temporal variation of vzmax at Γ = 4, f = 200 Hz,
d = 0.8 mm, H = 50 mm, and R = 37.5 mm. Intermittent
spikes can be observed as well as random fluctuation around
the mean value. A horizontal solid line indicates the average
value (vzmax = 4.9 mm/s) and dotted lines show standard
deviation levels (±0.6 mm/s).
system. By contrast, the toroidal-roll state is rather
homogeneous everywhere in x direction of the side
wall as shown in Figs. 2(a) and 3(b). Furthermore,
vx is always almost zero at any z (Fig. 2(c)), and vz is
basically a simple decreasing function of z (Fig. 2(b))
in the toroidal-roll state. Garcimart´ın et al. (2002)
found a qualitatively similar velocity profile in the vi-
brated granular convection. They also used the max-
imum velocity to characterize the convective velocity.
Therefore, we use the same strategy in the analysis
of the representative convective velocity. Namely, we
employ the maximum value of the vertical compo-
nent of velocity, vzmax, as a representative convective
velocity to characterize the velocity field.
Temporal homogeneity of vz is also examined. In
the toroidal-roll state, its spatial structure of the con-
vective velocity is symmetric and simple as discussed
above. Then, how about the temporal structure? In
Fig. 5, a typical time series data of vzmax(t) (vzmax
at each time t) is shown. While vzmax basically looks
more or less steady, a sort of intermittent velocity
spikes can be observed in Fig. 5. This slight inter-
mittency might come from the inherent complexity
of the granular flow due to the frictional effect.
Figure 6: Histogram of vzmax computed from the data in
Fig. 5. Width of each bin is 0.2 mm/s. One can confirm
the peak of N around 4.7 mm/s and the asymmetric tail in
large velocity regime. Above the histogram, mean and stan-
dard deviation are shown as a filled circle and an error bar,
respectively (4.9±0.6 mm/s). The corresponding standard er-
ror is ±0.02 mm/s which is smaller than the size of the circle
mark.
The distribution of velocities N(vzmax) obtained
from the data of Fig. 5 is displayed in Fig. 6.
Here, N(vzmax) indicates the number in the range
of (vzmax, vzmax + dvzmax) and dvzmax = 0.2 mm/s is
the bin size. The distribution has a clear peak around
vzmax ≃ 4.7 mm/s. However, an asymmetric tail can
be observed at large vzmax regime. Whereas this sta-
tistical property of the convective velocity field could
contain rich physics, here we neglect the asymmetric
structure for simplicity’s sake. In Fig. 6, the mean
value and standard deviation of the entire data set
are shown as a filled circle and an error bar shown
above the histogram. More detail analyses of vzmax(t)
by its distribution and temporal correlation etc. are
interesting future problems.
3.3. Scaling analysis of the convective velocity
Finally, a scaling of the granular convective veloc-
ity is derived. As a first step of the scaling, we focus
on the effect of vibration-conditions (f and Γ) by fix-
ing the geometric conditions: d = 0.8 mm, H = 50
mm, and R = 37.5 mm. As mentioned above, we
regard vzmax as a representative granular convective
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velocity. More precisely, we use the maximum value
of vz(z) profile (e.g., Fig. 2(b)) as vzmax. In order to
discuss the scale-free nature, a relation among dimen-
sionless parameters should be analyzed. Thus vzmax
is normalized to the characteristic velocity created by
gravity as,
v∗zmax = vzmax/
√
gd. (3)
In Fig. 7, v∗zmax vs. Γ for various f is shown. One
can confirm that all the v∗zmax data are similar in-
creasing functions of Γ. However, these specific val-
ues depend not only on Γ but also on f . Therefore, it
is hard to obtain a universal scale-free relation from
this plot. In other words, sole Γ cannot character-
ize the granular convective velocity very well. While
Garcimart´ın et al. (2002) used Γ and the normalized
bed height to collapse the convective velocity data,
here we consider a different quantity to deduce a
simple power-law form for the granular convective
velocity. Note that the specific functional form of
the granular convective velocity was not obtained by
Garcimart´ın et al. (2002).
We find that the shaking parameter S is a relevant
dimensionless parameter to scale v∗zmax. Correspond-
ing scaling plot is shown in Fig. 8. All of the v∗zmax
data collapse to a power-law form,
v∗zmax ∼ Sα, (4)
where α = 0.31 is a characteristic exponent obtained
by the data fitting shown as a dashed line in Fig. 8.
The solid line corresponds to α = 0.47 which is de-
termined by the scaling with various system size data
(Fig. 10). As mentioned before, S represents the bal-
ance between the vibrational and gravitational veloc-
ities. Thus it is rather natural that another velocity
balance (convective velocity vs. gravitational veloc-
ity; vzmax/
√
gd) is scaled by S.
The range of S we used in this study is slightly
different from that in the previous studies. In
Eshuis et al. (2010), S was used to characterize the
onset of convection in the strongly shaken shallow
granular bed. In this study, we experimentally con-
firm that S is also useful to the scaling analysis of the
convective velocity in a weakly shaken thick granu-
lar bed. The range of S for our experiment is from
O(10−2) to O(100). Although the order of this regime
Figure 7: Scaling of v∗zmax(= vzmax/
√
gd) by Γ. Each open
symbol shows the data of glass beads bed of d = 0.8 mm,
H = 50 mm, and R = 37.5 mm. While a systematic correlation
between v∗zmax and Γ can be observed, a universal form cannot
be obtained solely by Γ scaling.
is about one order of magnitude smaller than that in
the experiment of Eshuis et al. (2007) (S ≃ O(101)),
the current experimental result is also well explained
by S.
As a next step of the scaling, we investigate the
system size dependence of v∗zmax by the varying ge-
ometric parameters: bed height H and its radius R.
In Fig. 9, the data of v∗zmax vs. R/H for various Γ
and f are shown. Non-axisymmetric convection pat-
terns such as a single-roll state are sometimes found
in the experiment at some R/H . Due to the inhomo-
geneity, the representative velocities in these states
show extremely large dispersion. Since we restrict
ourselves within the analysis of representative veloc-
ity in the homogeneous convection, these data are ex-
cluded from the analysis. As shown in Fig. 9, we find
that v∗zmax is roughly independent of R/H although
its specific value clearly depends on vibrational condi-
tions (Γ and f). This simple relation v∗zmax ∼ (R/H)0
suggests that v∗zmax can be scaled equivalently both
by R and H . Namely, v∗zmax is the increasing function
both of R and H . Then we can reduce the number of
geometric parameters, i.e., R and H can be unified
into a single parameter. In specific, a dimensionless
parameter for the system size L can be introduced by
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Figure 8: Scaling of v∗zmax by S. Colors and markers used
are identical to those in Fig. 7. The dashed line represents
the power law fit (Eqs. (4)). The slope (power) of the dashed
line is computed as α = 0.31. The solid line corresponds to
α = 0.47 which is obtained by the least square search for all
the data including various system size parameters (Fig. 10).
using grains diameter d as,
L =
√
RH
d
. (5)
To prove the validity of the dimensionless parame-
ter L, d should be varied as well as R and H . There-
fore, we also examine the d dependence of v∗zmax. For
this purpose, the aspect ratio is fixed (R = 37.5 mm
and H = 50 mm) and glass beads of d = 0.4 mm
(BZ04) and d = 2 mm (BZ2) are used in the ex-
periment. While v∗zmax of BZ04 is in the same order
as the BZ08 case, v∗zmax of BZ2 is about one order
of magnitude smaller than that of BZ08, under the
same vibrational condition. This is due to the effect
of crystallization which prevents the convective mo-
tion. Besides, the solidification (complete crystalliza-
tion) of glass beads bed occurs when BZ2 is shaken
by Γ ≥ 3. The crystallization is unavoidable for the
larger grains as long as we use nearly mono-disperse
spherical grains. Whereas the number of data points
is not enough to discuss the specific scaling form, we
qualitatively confirm that the convective velocity is a
decreasing function of d.
Altogether, we can assume a simple scaling relation
among these dimensionless parameters to compile all
Figure 9: Dependence of v∗zmax to the aspect ratio of the
shaken granular bed, R/H. Colors and shapes of markers in-
dicate vibrational conditions as denoted in the legend. All
the data points are originated from the experiments with glass
beads of d = 0.8 mm (BZ08). We remove the data of single-
roll state from this plot. Although the level of v∗zmax depends
on vibrational conditions, it is roughly independent of R/H.
Dashed lines are the average levels for each condition.
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the data. The assumed scaling form is written as,
v∗zmax ∼ SαLβ. (6)
The values of α and β are computed by searching the
least square point in the range of 0 ≤ α ≤ 2 and
0 ≤ β ≤ 2. The least square fitting in Fig. (10) is
computed with weighting of the standard deviation
(velocity scattering degree). The obtained values are
α = 0.47 and β = 0.82. And the computed numerical
prefactor is 3.6× 10−3. The scaling result for all the
experimentally obtained data is shown in Fig. 10. As
can be seen, the data are basically well scaled by
the variable SαLβ. The corresponding scaling line
(v∗zmax ∼ S0.47) is also plotted in Fig. 8 as a solid line.
The value of α is slightly improved from the fixed
system size case (Fig. (8)). In Fig. 10, two data points
deviate significantly from the scaling. This deviation
comes from the crystallization effect of large glass
beads (BZ2). The inset of Fig. 10 shows a linear plot
of the same data. This scaling relation is the main
result of this experimental investigation.
4. Discussion
4.1. Physical meaning and limitations of the scaling
There are some missing parameters in the scal-
ing of Eq. (6). For example, density is not involved
in it. That is, the scaling is a kind of kinematic
one. The density dependence has to be clarified
to understand the dynamic scaling including the ef-
fect of inertia (Hubbert, 1937). Perhaps, this would
not be so critical because the density of glass beads
(2.5 × 103 kg/m3) is close to (at least in the same
order with) the real regolith density (e.g., 3.4 × 103
kg/m3 for Itokawa (Tsuchiyama et al., 2011)). An-
other example of the missing parameters is the co-
hesive force among grains. Although the gravita-
tional force is very small on the surface of small aster-
oids, the cohesive effect would instead play a crucial
role (Scheeres et al., 2010). It is hard to check this
effect by the current experiment since we do not vary
the cohesiveness of grains. In the current experiment,
the cohesive force is negligible since it is much smaller
than the gravitational force. We assume that intersti-
tial air and electrostatic effects do not play essential
roles, i.e., they are much smaller than gravity effect.
Indeed, the air effect is negligible as long as we use
d ≥ 0.4 mm grains (see e.g., Supplementary informa-
tion of Katsuragi and Durian (2007)). We also think
that the gravitational force is more dominant than
the electrostatic force for the bulk convective motion
of glass beads. In fact, while we saw a few glass beads
sticking on the sidewall due to the electrostatic effect,
those were really few. The electrostatic effect might
slightly affect the convective motion. However, we
consider it cannot be a dominant effect.
A much more serious problem is the absence of fric-
tional properties in the scaling. The frictional prop-
erties are a possible origin of intermittent velocity
fluctuation shown in Fig. 5. In addition, it might
affect the representative value of convective velocity.
Frictional properties relate to the shape of constitu-
tive grains. Obviously, actual regolith grains’ shapes
are irregular and rough. By a preliminary experi-
ment, we actually confirm that vzmax significantly re-
duces when the rough-shaped sand grains are used.
On the contrary, some previous studies have reported
that the friction can enhance the convective ve-
locity (Cle´ment et al., 1992; Elperin and Golshtein,
1997). Moreover, the grain-wall friction is differ-
ent from grain-grain friction. The grain-wall friction
could be a reason of the onset of granular convection
in this experiment. The detailed study for the effect
of friction is a very important future problem.
The origin of granular convection in the current
experiment is plausibly the effect of wall. As al-
ready mentioned, the structure of the convective roll
changes spontaneously when f or R are varied. This
implies that there is an inherent length scale in the
granular convection. However, the wall effect to
the velocity scaling is still significant even in split
(doubled) roll state since we observe the grains’ mo-
tion on the wall. Moreover, it has been shown that
experimental conditions including the container’s
shape and interstitial air influence the convective
roll structure (Knight et al., 1993; Aoki et al., 1996;
Pak et al., 1995). In these previous studies, the in-
teraction between grains and wall seems to be a key
factor. Nevertheless, astronomical objects obviously
maintain their own shapes without any wall. It is
hard to eliminate the container wall effect in usual
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Figure 10: Scaling of v∗zmax by S and L, v
∗
zmax = 3.6 × 10−3S0.47L0.82. Colors and markers used are identical to those in
Figs. 8 and 9. In addition, black open circles and black open squares correspond to the results with glass beads of BZ04 (d = 0.4
mm) and BZ2 (d = 2 mm), respectively. A solid line represents the weighted power-law fit (Eq. (6)). The data are in good
agreement with the scaling. Two data points deviating from the fitting at small scaling variable regime come from the partial
crystallization of large beads (BZ2). Inset shows the linear-linear plot of the identical data.
granular experiments even in microgravity environ-
ment. Rather, highly heterogenous structure of small
asteroids might work as an effective wall which trig-
gers the granular convection. Put another way, there
could be a lot of effective boundaries and/or gradi-
ents of frictional properties in actual small asteroids.
Thus it is not quite clear whether the granular con-
vection occurs globally or locally in small asteroids.
The structure of the velocity profile vz(z) is infor-
mative both for the granular physics and planetary
science. In the previous studies of granular convec-
tion (Taguchi, 1992; Ehrichs et al., 1995), convective
velocity decays rapidly (exponentially) with depth.
And the deep region of the vibrated granular mat-
ter is almost at rest. If this peculiar regime called
frozen zone presents in the real asteroids’ convection,
the regolith migration occurs only within a shallow
region. In the current experiment, most of veloc-
ity profiles do not show the clear frozen zone. The
convective velocity decays calmly as typically shown
in Fig. 2(b). Thus the convective velocity is simply
scaled by L with the nontrivial exponent β = 0.82. If
the frozen zone is clearly observed, the convective ve-
locity would be saturated at a certain H , and it can-
not be simply scaled by a single exponent. Actually,
the frozen zone can be partially observed also in the
current experiment under small Γ, large f , and large
H conditions. Since we are interested in the principal
flow velocity of the granular convection, we have fo-
cused only on the axisymmetric convective state and
its maximum velocity vzmax, in this study. Detailed
analysis of vz(z) profile is a next important step to
reveal the granular convection dynamics that relates
to the depth of regolith convection occurring in small
astronomical objects.
4.2. Dimensional analysis of the granular convective
velocity
So far, the scaling form for the granular convective
velocity has been discussed on the basis of system-
atically performed experimental results. In this sub-
section, we discuss the implication of the obtained
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scaling law. The scaling of Eq. (6) can be rewritten
by considering its physical meaning. Then the scal-
ing is compared with a recent experimental result of
two-dimensional granular convection.
Equation (6) can be transformed into a following
form,
vzmax ∼
(√
gd
)1−2α
(2piA0f)
2α
(√
RH
d
)β
. (7)
This form is more understandable than Eq. (6). The
representative velocity vzmax is expressed by a power
law product of two characteristic velocities: gravita-
tional
√
gd and vibrational 2piA0f . In addition, the
system size dependence is scaled by the last factor√
RH/d.
The scaling of Eq. (7) is qualitatively con-
sistent with a recent experiment performed
by Hejmady et al. (2012). They investigated
the convective-driven BNE and found that the
convective velocity linearly depends on 2piA0f .
To better explain the experimental data, the use
of 2piA0f was much better than Γ. According to
Eq. (7), convective velocity depends on vibrational
velocity as, vzmax ∝ (2piA0f)0.94. These two exper-
imental results show a good agreement. However,
they reported the presence of critical vibrational
velocity below which the granular convection was not
induced. This critical vibrational velocity probably
corresponds to the onset criterion. In the current
analysis, however, we do not clearly confirm this
offset in the scaling (see Fig. 10). Instead, we
varied S over two orders of magnitude to obtain
the power-law relation. The range of S and other
parameters were relatively narrow in the study of
Hejmady et al. (2012) since they are not interested
in the scale-free form. Thus they reported the
linear relation between the convective velocity and
the vibrational velocity. On the other hand, we
obtain the scaling (power law) relation between the
convective velocity, the vibrational velocity, and the
gravitational velocity.
It should be noted that the system size dependence
of the scaling is bounded. According to Eq. (7), the
value of vzmax can be very large when L =
√
RH/d
becomes large. This condition corresponds to a large
√
RH or a small d case. At the limit of
√
RH → ∞
or d → 0, vzmax diverges. However, such a diver-
gence does not occur in the actual granular convec-
tion. The convective roll size cannot grow to the
infinitely large size. In fact, we experimentally ob-
served the split of the convective roll (double toroidal-
roll) in a very shallow layer, although such a split
rarely happened. This preliminary observation indi-
cates that there might be an intrinsic length scale
which determines the maximum convective roll size.
Since the current experimental system size is limited,
it is hard to systematically reveal the effect of this in-
trinsic length scale. At a small d regime, on the other
hand, the cohesive force among grains becomes dom-
inant instead of the gravitational force. The current
scaling form cannot be applied to such a situation.
The detailed investigation on the size-dependent scal-
ing form for more widely spreading size regime is an
important future problem. To investigate the small d
regime, the experiment under the vacuum condition
is also necessary.
4.3. Gravity effect to the granular convective velocity
Finally, the experimentally obtained scaling is cast
into a form in which the gravity effect can be di-
rectly evaluated. Since the interpretation of scaling
is not unique in general, we have to take a special
care for its understanding. Whereas the discussion in
this subsection is speculative, the result is consistent
with other related works. Moreover, the obtained
scaling includes various parameters such as vibration
frequency and system size. Thus the form is very effi-
cient to estimate the timescale of regolith convection
occurring on the surface of small asteroid.
Recently, some granular flow experiments were
performed under microgravity conditions created
by parabolic flights (Murdoch et al., 2013b,c,a;
Gu¨ttler et al., 2013). Murdoch et al. (2013b,c,a)
used a Taylor-Couette geometry and measured both
sheared and convective flows induced by the shear-
ing. Particularly, Murdoch et al. (2013b) reported
the effect of gravity to the sheared granular convec-
tion. They claimed that the gravity plays an essential
role to make a stiff grains network in a bulk granu-
lar matter. Such a grains network is necessary to
transform a shear stress into a driving force of the
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convective motion. Therefore, the granular convec-
tive velocity under the microgravity became almost
zero. Moreover, the convective velocity under the
high-gravity condition became large (Murdoch et al.,
2013b). Gu¨ttler et al. (2013) measured the rising ve-
locity of intruders in convective-driven BNE under
the reduced gravity. They found that the rising ve-
locity is almost linearly scaled by the gravity.
To compare the current result with above-
mentioned microgravity experiments, here we eval-
uate the gravity influence to the convective veloc-
ity based on Eq. (7). At a glance of Eq. (7), the
convective velocity is scaled as vzmax ∝ g0.03((1 −
2α)/2 = 0.03). This scaling implicitly assumes the
fixed 2piA0f under different g environment. This as-
sumption is not practical to estimate the granular
convective velocity induced under the different g. For
instance, under the microgravity environment, very
small vibrational acceleration is enough to satisfy the
onset criterion of granular convection (Γ > 1). How-
ever, if 2piA0f is fixed to consider the granular con-
vective velocity under the microgravity environment,
the corresponding Γ becomes extremely large. It is
not a realistic assumption. Instead, the value of Γ
should be fixed to estimate the convective velocity
by means of similarity law. In fact, fixed Γ was used
to discuss the possibility of convection on the surface
of Itokawa (Miyamoto et al., 2007). Gu¨ttler et al.
(2013) also fixed Γ to discuss g dependence. There-
fore, the typical vibrational velocity should be writ-
ten as Γg/2pif instead of 2piA0f . Then, Eq. (7) can
be modified into the following form,
vzmax ∼
(√
gd
)1−2α( Γg
2pif
)2α(√
RH
d
)β
. (8)
According to Eq. (8), vzmax depends on g as, vzmax ∝
g(2α+1)/2. The value (2α + 1)/2 = 0.97 is close
to unity. This result is qualitatively similar to
Murdoch et al. (2013b,c,a) and Gu¨ttler et al. (2013).
However, note that we do not directly vary the gravi-
tational acceleration. The g dependence is indirectly
deduced from the scaling. Besides, the convective
motion of Murdoch et al. (2013b,c,a) was induced by
shear in a Taylor-Couette cell. Thus the similarity is
rather qualitative.
Using Eq. (8) and a model of seismic shak-
ing induced by impacts (Richardson et al., 2004;
Richardson Jr et al., 2005; Miyamoto et al., 2007),
we are able to estimate the convective velocity for
various astronomical objects. To do that, we have to
be careful in the estimate of
√
RH/d. Whereas its
value strongly affects the estimate of vzmax, it is still
very uncertain. Then it might be possible to eval-
uate the surface age (resurfacing timescale) of the
microgravity asteroid by considering the population
of impactors. Such an estimate for Itokawa or Eros is
an interesting application of this scaling. This topic
is a part of ongoing investigation.
5. Conclusions
An experimental study of the granular convec-
tion was performed with a vertically shaken glass
beads bed. The maximum convective velocity vzmax
was measured by PIV method. Although the vzmax
was measured on the wall, we assume that it cor-
responds to a representative value of the convec-
tive velocity. The normalized convective velocity
v∗zmax = vzmax/
√
gd was scaled by the shaking param-
eter S = (2piA0f)
2/gd and the dimensionless system
size L =
√
RH/d. The obtained scaling (Eq (7))
indicates that the representative convective velocity
can be written as a certain power-law product of the
vibrational velocity 2piA0f , the gravitational veloc-
ity
√
gd, and the dimensionless system size L. This
experimentally obtained scaling law is qualitatively
consistent with other previous studies of granular
convection or BNE. Using the scaling law, one can
roughly estimate the convective velocity for various
vibrational conditions, in principle. Since the gravi-
tational acceleration and frictional properties are not
varied in this experiment, applicability of the current
result toward actual regolith migration might be still
limited. Systematic further studies have to be carried
out to unveil the regolith migration dynamics owing
to the granular convection.
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